INTRODUCTION
============

*Streptococcus suis* is one of the principal etiologic agents of contagious bacterial disease in pigs. It can cause a variety of clinical syndromes including meningitis, arthritis, pericarditis, polyserositis, septicaemia, pneumonia. Infection may cause death in weaning piglets as well as growing pigs. The disease has a worldwide distribution and causes considerable losses to pig production ([@b12]). As an emerging zoonotic pathogen, *S. suis* can be transmitted to human beings by direct contact ([@b16], [@b18], [@b35]). In 2005, an unprecedented outbreak in China resulted in more than 200 human cases that were directly linked to a concurrent outbreak of *S. suis* infection in pigs. About 20% of these human cases were fetal ([@b18], [@b35]).

At present, prevention and control of the disease are based on the use of autogenous vaccine and antimicrobial drugs ([@b32]). Macrolides and fluroquinolone, such as erythromycin, tylosin and enrofloxacin, have been considered as the effective substitutes for penicillin because *S. suis* isolates are historically highly susceptible to these drugs. However, some of the commonly used antibiotics (erythromycin, enrofloxacin, etc) for treatment and prevention of *S. suis* infections in pigs are becoming less effective, due to an increase in resistance among *S. suis* isolates in recent years ([@b11], [@b30], [@b32], [@b36]). Now more active FQs and new macrolides are becoming available, but new treatment strategies must accompany use of those agents to halt the selection of resistant mutants before the entire quinolone and macrolide class of drugs becomes ineffective.

The postantibiotic effect (PAE) is defined as the suppression of bacterial growth persisting after a short exposure of bacterial cultures to an antibiotic. The effect of sub-MIC concentration on growth during the PAE period has been defined as the post-antibiotic subinhibitory effect (PA SMEs). The two effects are one of the factors that have a clinical impact on antibacterial dosing regimens, allowing less frequent dosing than with agents with no PAE ([@b7]). They are now a well-established feature of virtually all antimicrobial agents and have been observed for a wide variety of bacterial and yeasts ([@b8], [@b25], [@b26]).

To our knowledge, no data are available on the PAE of macrolides against *S. suis*, especially PAEs of 16-membered ring macrolides on erythromycin-resistant *S. suis*. Therefore, the purpose of the present work was to evaluate in vitro the PAEs and PA SMEs of erythromycin, tilmicosin and tiamulin on erythromycin-susceptible and erythromycin-resistant *S. suis* strains with M phenotype.

MATERIALS AND METHODS
=====================

Bacterial strains
-----------------

Fifteen strains of *S. suis* were isolated in 2007 from the liver and spleen of diseased weaning piglets in two swine farms from Jiangsu and Shanghai in China. In these two herds, usual antibiotics including macrolide, β-lactams, fluroquinolones are used to treat some infections caused by *E. coli*, *Salmonalla*, *S. suis* etc. SS2D strain was isolated from diseased pigs in Germany. The serotypes were determined as type 2 using a PCR method for detecting MRP and, EF virulence factors in *S. suis* ([@b21], [@b34]). In addition to the clinical *S. suis* isolates, three American type Culture Collection (ATCC) strains, as recommended by the Clinical and Laboratory Standards Institute (CLSI, formerly known as NCCLS) were included for quality control in the susceptibility testing. The quality control strains were *S. pneumoniae* ATCC 25922, *S. aureus* ATCC29213, and *E. faecalis* ATCC29212. All strains were kept at -70 until use. Prior to testings, All *Streptococcus suis* isolates were subcultured on Columbia blood agar plates with 5% sheep blood and incubated overnight at 35 in an atmosphere containing 5% CO2.

Antibiotics
-----------

Tilmicosin, tiamulin and erythromycin were obtained from China Institute of Veterinary Drug Control (IVDC, China). The disks of erythromycin and clindamycin were bought from Tianhe Corporation, Hangzhou, P.R., China.

Susceptibility testing for erythromycin, tilmicosin and tiamulin
----------------------------------------------------------------

The MICs were determined by a broth microdilution method using custom made, microtitre panels in Mueller-Hinton broth supplemented with 5% calf serum according to the CLSI ([@b6]). Serial 2-fold dilutions of the antibiotics were inoculated with overnight cultures of *S. suis* isolates at a final inoculum of 106 cfu/mL. The two fold serial dilution ranges for the three antimicrobial agents were between 0.125\~128 g/mL. One hundred microlitres of the final inoculum and antibiotics were dispensed into each well of the microtitre plate panel. The plates were incubated aerobically at 35ºC for 18 24h. The MIC for each isolate was determined as the lowest dilution showing no visible growth. MBC was determined by plating 0.010 mL from the wells showing no visible growth on agar plates and incubating for 18-24 h. MBC was considered as the concentration at which a 99.9% reduction in cfu occurred, when compared with the original inoculum. The three quality control strains were included in duplicate in each batch tested.

Erythromycin-resistant phenotype
--------------------------------

All erythromycin-resistant strains were analyzed for the phenotypes by double disk method described for *Streptococcus pyogenes* ([@b28]). A sterile cotton swab was dipped into a bacterial suspension with a turbidity matching that of 0.5 McFarland standard and then streaked onto MH agar supplemented with 5% sheep blood. The erythromycin (15µg) and clindamycin (2µg) disks were placed 15 to 20 mm apart on the agar surface. The plate was incubated overnight at 37ºC. A blunting of the clindamycin inhibition zone proximal to the erythromycin disk indicated inducible resistance (iMLS~B~ phenotype). The absence of an inhibition zone around the two disks was defined as constitutive resistance (cMLS~B~). Susceptibility to clindamycin with no blunting around the inhibition zone was interpreted as M phenotype.

For the detection of different erythromycin resistance genes in the genomes of *S. suis* by PCR, DNA was extracted using CASsuper Bacteria Genomic DNA Isolation Kit (Casarray Co., Shanghai, China). For the PCR amplification of *ermB* and *mefA* gene segments, primers *ermB* and *mefA* were used as reported by Sutcliffe ([@b29]). The expected amplicon sizes were 640 bp for *ermB*, 348bp for *mefA*. The isolates with *mefA* gene were M phenotype and those with *ermB* gene were constitutive-resistant (CR) and inducible-resistant (IR) phenotype. The nucleotide sequences of the amplification products from *ermB* and *mefA* positive *S. suis* isolates were determined and compared to published *ermB* and *mefA* gene sequences in NCBI GenBank database.

Determination of PAE and PA SME
-------------------------------

To determine the PAE, bacterial cultures (approximately 10^6^cfu/ml) were first exposed to antibiotics at 1/4, 1/2, 1 and 2 times the MIC for 1 and 2 hours, respectively. At the end of the exposed period, the antibiotic was removed by diluting 1:10^3^ into the prewarmed, antibiotic free broth for three times. For quantitation of the PAE, viable counts were determined continuously before and after antibiotic exposure and then hourly for 24h by plate counting method. PAE was expressed with the unit of hour and determined by the formula PAE=T-C, where T was the time required for the antimicrobial exposed test culture to increase by 1log~10~ (10 fold) after elimination of antibiotics, and C was the time required for the number of orgnisms in the control tube to increase by 1log ([@b24]).

To induce PA SMEs, bacterial cultures in postantibiotic phase (induced with 1/4 MIC for 2 h) were exposed to antibiotics at 1/8, 1/4, 1/2 times the MIC. The same procedures described above for PAE were used thereafter. PASME was defined as follows: PASME=Tpa-C, where Tpa is the time for cultures previously exposed to antibiotic and then reexposed to different sub-MICs to increase by 1log~10~ above counts immediately after dilution and C is the cprresponding time for the unexposed control ([@b23]).

Statistics
----------

Statistical analyses were performed using software SPSS 13.0. The differences between the duration of PAE of different drugs were analysed using two-tailed paired *t*-test, followed by Bonferroni's multiple comparison tests when appropriate. A *P*-value \< 0.05 was considered to be statistically significant.

RESULTS
=======

MICs and the phenotype of erythromycin-resistant *S. suis*
----------------------------------------------------------

The MICs and MBCs of tilmicosin, erythromycin and tiamulin for *S. suis* are given in [Table1](#tbl1){ref-type="table"}. Tilmicosin and tiamulin showed substantial activity against 16 strains with MICs being 0.03\~0.13mg/L. Erythromycin was less active than tiamulin and tilmicosin having MICs between 0.03\~32mg/L.The minimum bactericidal concentrations (MBC) of three antibiotics were 1 to 4-fold higher than the MIC.

###### 

MICs and phenotype of tilmicosin, erythromycin and tiamulin against S.suis type 2

  Bacterial strains            phenotype     *mefA/ermB*   MICs /MBCs (mg/L)                 
  ---------------------------- ------------- ------------- ------------------- ------------- -------------
  HA9801                       susceptible   -/-           0.13/0.25           0.06/0.12     0.13/0.5
  SS2D                         susceptible   -/-           0.06/0.12           0.03/0.03     0.06/0.25
  WHR                          susceptible   -/-           0.13/0.13           0.06/0.06     0.13/0.25
  SS2-2                        susceptible   -/-           0.03/0.03           0.03/0.06     0.13/0.25
  SS2-3                        susceptible   -/-           0.06/0.06           0.13/0.25     0.13/0.25
  SS2-4                        susceptible   -/-           0.13/0.25           0.03/0.06     0.25/0.5
  SS2-5                        susceptible   -/-           0.03/0.03           \<0.03/0.03   0.13/0.25
  Bei1                         susceptible   -/-           \<0.03/0.03         \<0.03/0.03   \<0.03/0.03
  SS2-H                        M             +/-           0.13/0.25           0.13/0.13     32/64
  SS2-B                        M             +/-           0.03/0.03           0.06/0.12     \>64/\>64
  HM                           M             +/-           0.06/0.12           0.13/0.25     \>64/\>64
  WHR1                         M             +/-           0.13/0.25           0.13/0.25     16/32
  WHR2                         M             +/-           0.13/0.25           0.06/0.12     4/8
  WHR3                         M             +/-           \<0.03/0.03         0.06/0.12     8/8
  WHR4                         M             +/-           \<0.03/0.03         0.13/0.25     8/16
  SS2-G                        M             +/-           0.06/0.12           0.06/0.12     4/8
  *S. aureus ATCC29213*        \-            \-            2/2                 0.5/0.5       0.25/0.5
  *E. faecalis ATCC29212*      \-            \-            8/8                 \-            1/1
  *S. pneumoniae ATCC 25922*   \-            \-            \-                  1/            0.03/0.6

The results of double disk test and PCR method showed that strains SS-2B, SS2-H, HM, WHR1, WHR2, WHR3, WHR4 and SS2-G harbored *mefA* gene (described M phenotype), but other eight strains HA9801, SS2D, WHR, SS2-2, SS2-3, SS2-4, SS2-5 and Bei1 were susceptible to erythromycin, tilmicosin and tiamulin and negative for*mefA* and *ermB* gene. None strain was positive for *ermB* gene. All MIC values obtained with the quality control organisms were within the expected ranges. This confirmed that the test conditions were in agreement with the CLSI recommendations.

Determination of PAEs
---------------------

The mean duration of the PAE (±SD) in hours for erythromycin-susceptible and erythromycin-resistant strains to erythromycin, tilmicosin and tiamulin are displayed in [Table 2](#tbl2){ref-type="table"} and [Table 3](#tbl3){ref-type="table"}, respectively. Each value represents three replicates. The results showed that the durations of PAE was directly related to the exposure time, it lasted longer when the strains were exposed to the antibiotics for two hours than those obtained after an hour exposure (*P*\<0.05). Increasing the concentrations of antimicrobials also prolonged the duration of PAEs, showing a linear relationship.

###### 

PAEs (h) of erythromycin, tilmicosin and tiamulin against erythromycin-susceptiable strains of *S.suis* type 2. (n=8)

  Agents         PAE h, mean ± SD at indicated fraction MIC[^a^](#tf2-1){ref-type="table-fn"}                                                                           
  -------------- ------------------------------------------------------------------------------ ----------- ----------- ----------- ----------- ----------- ----------- -----------
  erythromycin   0.53±0.17                                                                      0.91±0.15   1.79±0.17   2.45±0.25   1.28±0.12   2.52±0.22   3.49±0.28   4.55±0.29
  tilmicosin     1.02±0.08                                                                      1.89±0.11   2.28±0.31   3.03±0.08   1.47±0.09   2.76±0.15   4.26±0.30   5.75±0.09
  tiamulin       1.15±0.10                                                                      2.02±0.15   2.99±0.15   3.59±0.53   1.90±0.11   2.90±0.17   4.78±0.19   6.11±0.39

: PAE values (h) determined on 8 erythromycin-susceptiable *S.suis.* Data are means±SD.

###### 

PAEs (h) of tilmicosin and tiamulin against erythromycin-resistant strains of *S.suis* type 2 (n=8)

  Agents       PAE ( h, mean ± SD at indicated fraction MIC[^a^](#tf3-1){ref-type="table-fn"}                                                                           
  ------------ -------------------------------------------------------------------------------- ----------- ----------- ----------- ----------- ----------- ----------- -----------
  tilmicosin   0.73±0.06                                                                        1.52±0.19   2.27±0.18   2.76±0.11   1.43±0.06   2.46±0.09   3.61±0.23   5.6±0.09
  tiamulin     1.22±0.07                                                                        1.88±0.3    2.81±0.25   3.74±0.31   1.81±0.11   2.71±0.17   4.56±0.13   6.05±0.24

PAE values (h) determined on 8 erythromycin-resistant S.suis. Data are means±SD.

The durations of PAE of tiamulin and tilmicosin did not differ significantly between erythromycin-susceptible and erythromycin-resistant (with M phenotype) *S. suis* isolates (*P*\>0.05), confirming that M phenotype resistant strains were still susceptible to tiamulin and tilmicosin. Tiamulin induced a significantly longer PAE than tilmicosin at 1 time MIC and two times MIC at two hour exposure period (*P*\<0.05). Tiamulin exposure for one hour at two times MIC also resulted in longer PAE than did tilmicosin under the same condition (*P*\<0.05). However there were no significant differences in the activity of tilmicosin and tiamulin at concentrations of 1/4, 1/2, 1 times MIC when exposed for one hour and at 1/4, 1/2 times MIC when exposed for 2 hours.

Increasing concentrations of erythromycin induced significantly longer PAEs against susceptible *S. suis* isolates than did the lower concentrations. However, that regrowth time of the resistant strains that had high MICs was not investigated in this study.

Determination of PA SMEs
------------------------

The results ([Table 4](#tbl4){ref-type="table"}) showed that the durations of PA SMEs were also proportional to the concentrations of drugs used for exposure. The PA SMEs of tiamulin and tilmicosin significantly longer than PAEs (*P*\<0.05); however, there were no significant differences between the PA SMEs of taimulin and tilmicosin (*P*\>0.05).

###### 

PASMEs (h) of tilmicosin and tiamulin against erythromycin-susceptible and erythromycin-resistant strains of *S.suis* type 2

  Agents       PA SME h, mean ± SD at indicated fraction MIC[^a^](#tf4-1){ref-type="table-fn"}                                                   
  ------------ --------------------------------------------------------------------------------- ----------- ----------- ----------- ----------- -----------
  tilmicosin   5.91±0.27                                                                         7.49±0.30   8.61±0.34   6.08±0.25   8.00±0.69   8.92±0.35
  tiamulin     6.65±0.26                                                                         8.18±0.21   9.06±0.32   6.86±0.33   7.62±0.34   8.56±0.42

: PA SME values (h) determined on 8 erythromycin-resistant and erythromycin-resistant *S. suis*, respectively

DISCUSSION
==========

Studies indicated that the number of erythromycin-resistant *S. suis* strains is growing significantly and the resistant mechanisms are mainly due to Mef efflux (encoded by *mefA* gene, M phenotype) and 23sRNA methylase (encoded by *ermB* gene, IR and CR phenotype) ([@b19],[@b31]). Resistance to 14- and 15-membered macrolides commonly used in clinical practice for treatment Streptococcal infection could be theoretically overcome by employing 16-membered compounds ([@b20]). Tilmicosin is a new macrolide antibiotic synthetically derived from tylosin, which is specially used in veterinary medicine ([@b10],[@b15]). Tiamulin was evaluated with tilmicosin because it has similar antimicrobial mechanism with macrolide and is commonly used to treat infections in swine and poultry ([@b3], [@b5], [@b13], [@b27]). In this study, the MIC and MBC results in [Table 1](#tbl1){ref-type="table"} showed that tilmicosin and tiamulin were not only more active against susceptible S. suis strains than erythromycin, but also maintain their antibacterial activity particularly against erythromycin-resistant strains with M phenotype, thus extending their therapeutic possibilities.

Determination of MICs and the pharmacokinetics of antibiotics have been major factors in deciding the dosage and dosing interval of these drugs. This means that their blood concentrations ideally reach levels that are comparable with or higher than their MICs. However, in the clinical situation, after each dose of a regime, the concentrations of antibiotics fluctuate and subinhibitory concentrations may often occur between doses. Subinhibitory concentrations of antibiotics are known to have different effects on bacteria ([@b17]). Now the PAE and PA SME have attracted a greet deal of interest in recent years. They are well-known parameters that are correlated with the MICs and pharmacokinetics to analyze the effect of various dosing schedules ([@b25], [@b26]).

Our results of PAEs and PA SMEs from this study usefully expand those already gathered by other investigators ([@b1], [@b9], [@b22]). One particularly interesting finding in our experiments is that erythromycin-resistant strains with M phenotype show no PAE and PA SMEs at the usual erythromycin concentration, whereas the PAEs and PA SMEs of tilmicosin and tiamulin can be measured and have a duration comparable to that observed in susceptible strains. Because the PAE and PASME of tilmicosin and tiamulin against *S. suis* have not been determined, we compared our results with that of other similar studies. Similar results on PAE of rokitamycin against *S. pyogenes* were also observed by Braga ([@b1]). Compared to PAE of telithromycin against *S. pyogenes* (0.4-2.7 h), *S. aureus* (0.3-2.4 h) and *S. pneumoniae* (1.5-3.8 h), tilmicosin and tiamulin against *S. suis* (0.73-5.75 h and 1.15-6.11 h, respectively) tended to be longer ([@b14]). The PAE of tilmicosin(3.61-4.26 h) at 1×MIC after 2-h exposure was longer than that of *P.* *multocida* (0.83 h) and shorter than that of tilmicosin against*A. pleuropneumoniae*(6 h) ([@b9]).

There are several mechanisms associated with the PAEs of macrolides including uptake, ribosome binding, efflux, which mainly depend on the time that macrolides are detached from the ribosome ([@b4], [@b33]). Hydrophobic characteristic seems to help macrolide molecules to accumulate in cells and increases their activity. The 16-member macrolides are more hydrophobic than their 14- or 15-member counterparts. Also the cohesive long-lasting binding of tilmicosin to ribosomes makes the efflux less effective than that of erythromycin. Our findings confirmed that the PAE of tilmicosin on erythromycin-resistant *S. suis* (0.73-5.6h) is even longer than that of erythromycin on susceptible strains (0.53-4.5h). Though little is known about the molecular basis of PAE and PA SME of tiamulin, it indeed has a good activity on erythromycin-resistant *S. suis*. Much work about the PAE mechanism of tiamulin remained to be continued.

In addition, our experiment indicated that PA SMEs lasted longer than PAEs. This means PAEs are not sufficient to predict the effects of antibiotics in the in vivo situations. The PA SME maybe more clinically relevant compared to the PAEs during intermittent dosage regimens, since suparinhibitory concentrations will be followed by exposure to subinhibitory concentrations in vivo. The interaction between sub-MIC of antibiotics and immune system is probably of great importance for therapeutic success when antibiotics are administered at long intervals. However, the relevance of these observations to clinical situation remains to be further investigated, since other variables such as pharmacokinetics may significantly change the clinical outcome of PAE and PA SME.

CONCLUSION
==========

The presented results revealed that tilmicosin and tiamulin were characterized by a powerful antibacterial activities and prolonged PAE and PASME against multidrug resistant *S. suis*. These results indicate that tilmicosn and tiamulin might be administered in longer time intervals without losing effectiveness than those already applied, and the greater success will be achieved in dosing regimes in large scale producton of swine and poultry. The knowledge on the PAE and PASME of a particular antibiotic may avoid unnecessary administration, which in turn reduces the stress to animals. To the most important, emerging resistance to macrolides in *Streptococcus suis* is a very important point, so appropriate regimes to minimize the development of resistance is crucial. These hypotheses remaine to be proved in a clinical setting that a modified dosage scheme based on prolonged PAE and PASME.
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